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ABSTRACT:

ZrO» particle-MoSin matrix composites were fabricated by wet
processing/hot pressing, using high quality unstabilized, partially
stabilized, and fu ly stabilized ZrO2 powders. Composite room
temperature indentation fracture toughness increased with increasing
volume fraction of ZrQ2 reintorcement. Unstabilized ZrO2 produced the
highest composite tracture toughness, 7.8 MPa m!/2 as compared 10 2.6
MPa m!/2 for pure MoSin. Unstabilized ZrO2 composites exhibited
matrix microcracking, and the spontancous tetragonal-to-monoclinic Zr02
phase transtormation induced significant plastic seformation in the MoSio
matrix. Partially stabilized ZrO2 produced a lesser extent of composite
fracture toughening, possibly as a result of an inhomogencous Zr0O2
particle distributton and presence of a giassy phase.



INTRODUCTION:

The intermetallic compound MoSi7 possesses an interesting set of
p:uperties which make it a candidate matrix material for high temperature
siructural composites. It has a high meiting point of 2030 C, and possesses
excellent high temperature oxidation resistance due to the formation of a
protective silica phase. Unlike structural ceramics, this material exhibits a
brittle-to-ductile transition at 900-1000 C. Below this temperature it is
brittle, but above this temperature it deforms extensively by dislocation
plasticity. MoSi) is thermodynamically stable with 2 number of important
ceramic materials, including SiC, ZrO2, Si3N4, Al203, TiB2, TiC, and
ZrB2. It also has the potentia! for alloying with other high melting point
silicides, such as WSi2, MosSi3, and Ti§Si3. This material poses no
health hazards, and is enviroumentally benign. Finally, the clect ical
conductivity of MoSi2 is such that it can be elect.o-discharge machined
(EDM), a potentially advantageous cost factor for the fabrication of
components from the material,

Of itseif, MoSi2 is not considered to be a structural material, due to
its room temperature brittieness and its low strength levels at elevated
temperatures. It has, however, attained significant application as a heating
clement material for furnaces operating in air to 1800 C, which attests to
its excellent environmental stability under oxidizing conditions.

For MoSi? to be emploved as an oxidation-resistant elevated
temperature structural material, both its high temperature strength and
creep resistance and its room temperature fracture toughness must be
significantly improved. This can be accomplished through the composite
approach. However, it is important that composite strategies pursucd do
no degrade the oxidation resistance significantly.,

Previous work has demonstrated that SiC composite reinforcements
and WSi2 matrix alloying can markedly improve the clevated temperature
mechanical properties of SiC-MoSig based composites (1-7).  Additionally,
the teasibility of utilizing Z2rO2 transformation toughening to significantly
improve the room temperature fracture toughness of ZrO2 particle-MoSi2
matrix composites has recently been demonstrated (8).

‘The purpose of the present investigation was to explore
microstructure-mechanical property aspects in more detail, in » second



generation of ZrO7-MoSi) composites fabricated using high quality ZrO7
powders. Of primary interest were initial assessments of effects of Zr0Q?

phase stability and volume fraction on composite microstructures,
substructures, and fracture toughness.

ZrO7 REINFORCEMENT OF MoSiy:

ZrO7 is a potentially important reinforcing species for MoSin. This

material presents the possibility of utilizing transtormation toughening
ctfects to significantly improve the room temperature fracture toughness of
MoSi7 based composites (8). In addition, there is also the possibility of

deriving elevated temperature ZrO» dispersion strengthening etfects. The
-hemical species ZrO7 and MoSi7 are stable with each other under inert
conditions. The thermal expansion coefficient of ZrO2 is a reasonably
good match with that of MoSi7, allowing flexibility in composite system
design. Finally, the presence of ZrO? does not greatly degrade composite
oxidation resistance (9).

EXPERIMENTAL.:

FFabrication of ZrO2 Particle-MoSia Matrix Composites:

A range of commercial ZrQ2 powders trom the Tosoh
Corporation were empeved in the investigation.  Powders containing 0, 2,
2.5, 3, 4, and 8 mole % Y2073 were evatuated. The 0 mole % Y203
naterial 18 unstabilized pure ZrC>. The range of 2-4 mole % Y203
constitutes partially stabilized ZrO2. The 8 mole % Y203 is fully
stabilized ZrO2. Zr(Q2 powders partially stabilized with 9 mole % MgO
and 12 mole % CeOa were also examined. All Tosoh powders were high
purity, with an average particle size of 0.3 micron,

The MoSi2 powder employed was commercial powder from the Alfa
Corporation. This powder was screened to -400 mesh prior to mixing with
the various ZrOQ2 powders. ZrO» and MoSi2 powders were co-dispersed
inan aqueous media at a pH o 2.5, Mechanical stirring and
ultrasonification were employed, The solids loading was 60 wt. %



The powder co-dispersion was slip cast into a plaster of paris mold,
and the slip cast body crushed into -100 mesh feed powder for hot
pressing. Hot pressing consolidation of cem posites was performed at 1700
C and 32 MPa pressure, using grafoil-lined graphite dies and an argon
atmosphere. Hot pressed composites were 94-95% dense.

Indentation Fracture Toughness:

Microhardness indentation techniques were eriployed to determine
the room temperature rracture toughness of the various ZrO2-MoSi2

composites. A 10 kg Vickers indentation was empioyed, and the approach
of Anstis et. al. (10} was used to calculate fracture toughness values.

Transmisston Electron Microscopy:

Thin foils for i EM were prepared as follows. A 250 micron thick
slice was cut from the hot pressed isc, taking care to avoid the edges of
the disc in order to minimize any surface effects such as contamination or
density gradients. The ¢lice was then ground «nd polished on one side to a
thickness of about 150 microns, with the fina! polish using 1 micron
diamond paste. Discs were cut from the crnter of the slice and mounted on
Cu grids for support. The unfirished side was ground and polished to a
thickness of about 50 microns. The thin section was dimpled with a 10 gm
load and 1 micron diamond paste te a final thickness of less than 28
microns. The foil was then ion thinned to pertoration using Ar ions. TEM
studies of the microstructure and dislocation structures were performed
using a Philips CM30 SEM at 400 keV

RESULTS AND DISCUSSION:
[ndentation Fracture Toughness:

Fracwure toughness as a function of mole % Y201 stabilizer tor 20
vol. "t ZrQ7 reintorcement of the MoSio matrix is shown in Figure |,
Also shown are results for the Mg and CeQ? stabilized ZrO)
reinforcements.  As may be seen, the maximum toughness was observed
tor unstabilized ZrOQ2 (0 mole % Y203). For this case, a room



temperature toughness value of 7.8 MPa m1/2 was observed, as compared
to a value of 2.6 MPa m1/2 for pure MoSip. Partially stabilized (2-4 mole
% Y203) compositions and fully stabilized ZrO7 (8 mole % Y203)
exhibited lower toughness values. MgO and CeO2 stabilized materials
yielded toughness levels slightly higher than the Y2073 stabilized materials.
Composite fracture toughness as a function of volume % ZrO?

reinforcement is shown in Figure 2. In this case the ZrO2 composition
was a partially stabilized one containing 2.5 mole % Y203. One may see

that the fracture toughness increases roughly linearly with increasing
partially stabilized ZrO?7 content, from pure MoSiJ to pure partially
stabilized ZrO».

Microstructures:

Composite microstructures and the naturc of indentation cracks are
shown in Figure 3, for ZrO7 reinforcements stabilized with Y203. A

significant amount of grain boundary microcracking was observed in the
0% Y203 (unstabilized ZrO2) composite, with little or no microcracking

observed in the partially stabilized (2-4% Y203) or fully stabilized (8%
Y203) materials. It may also be noted that cracks tended to run through
both the ZrO2 and MoSi2 phases, without exhibiting a preference tor the

phase boundaries. Significant microcracking was also observed in the
MO and CeO2 stabilized composites.

Transmission Electron Microscopy:

Transmissioa clectron microscopy results are summarized in Table
I The microstructures of the various materials all showed a
heterogeneous distributicn of ZrO2 within the MoSi2 matrix, which

typically involved intergranular pockets ot ZrO2 giains. There was also a
refatively farge amount of a silicate glassy phase present within the
pockets, which wetted the ZrO2-ZrO? grain boundaries. The intergranular
702 grain size varied between | and 6 microns. There were a small
number of intragranular ZrQ2 grains which were submicron in size. There



was no evidence of any chemical reaction between ZrO2 and MoSi) in the
as-fabricated composite specimens examined.

Representative transmission electron micrographs of the unstabilized
(0% Y203), partially stabilized (2.5% Y203), and fully stabilized (8%

Y203) ZrO) reinforced-MoSiy matrix composites are shown in Figures 4-

6. respectively. These may be correlated with the observations in Table 1.
For the unstabilized ZrO7? material, one may note in Figure 4 the

presence of grain boundary microcracking in the MoSi2, as well as a high
dislocation density in the MoSi2. The high MoSi? dislocation density is

particularly intriguing. This results because the tetragonal-to-monoclinic
phase transformation temperature is above the brittle-to-ductile transition
temperature of MoSi2. Thus, the volume change associated with the ZrO7

transformation effectively "pumps” dislocations into the MoSiy phase.

These dislocations were observed to have predominantly <100> type
Burgers vectors. Microcracking also occurs, since the MoSi2 plasticity

apparently cannot accommodate all of the transformation strain. Both of
these factors, a high MoSi? dislocation density and MoSip microcracking,

are likely the primary contributors to the high value of fracture toughness
observed for the unstabilized ZrO7 composite in Figure |.

For the partially stabilized aud fully stabilized ZrC», MoSi?

dislocation densitics were observed to be much lower than for the
unstabilized ZrO2 case. This is due to the fact that no ZrO2 phase

transtormations occurred in these materials upon cooling from the
composite tabrication temperature, The glassy phase and inhomogencity of
the ZrO7 partic'e distribution are evident in Figures 5 and 6. It is likely
that these characteristics of the partially stabilized ZrO2 composites,
namely a non-uniform ZrO7 particle distribution and the presence of a
glassy phase, may have contributed to the relatively low values of fracture
toughness observed in Figure [, This suggests that possible routes to more
fully exploiting crack-tip-induced transformation toughening in ZrO»-
MoSi2 composites may be to improve the dispersion of ZrQ2 particle in

the MoSip matrix, ard minimize/eliminate the glassy phase.



CONCLUSIONS:

ZrO7 particle-MoSi) matrix composites were fabricated by wet
processing and hot pressing, using high quality ZrO2 powders.
Unstabilized, partially stabilized, and fully stabilized ZrO2 was examined.

Hnt pressing wa. performed at 1700 C, and hot pressed composites were
94-95% dense.

The room temperature indentation fracture toughness of ZrO2-
MoSi? composites increased with increasing volume fraction of ZrO3.
Unstabilized ZrO2 was observed to produce the highest composite fracture

toughness, 7.8 MPa m1/2 as compared to 2.6 MPa m1/2 for pure MoSij.
Matrix microcracking was prominently observed for unstabilized ZrO2. In
addition, the spontaneous tetragonal-to-monoclinic ZrO7 phase
transformation in unstabilized ZrQ7 produced significant plastic
deformation in the MoSi? matrix.

Partially stabilized ZrO7 produced a lower degree of fracture
loughening of the composite in comparison to unstabilized ZrO2. This

suggess that crack tip-induced transformation toughening was not fully
operational in the present composites. Observations of an inhomogeneous
distribution of ZrQ2 particles and the presence of a glassy phase may have

been contributing factors inhibiting the full operation of toughening
mechanisms tor partially stabilized ZrO».
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Table 1: Summary of transmission electron microscopy observations for
ZrO7 particle-MoSi? matrix composites containing 2C vol. % ZrO2
reinforcement.

Stabilizer ZrQ9 Polymorph Dislocation Density Microcracking
(mole %) (room temp) (apparent) (intergranular)
0.0 Y204 Moncclinic High High
2.5Y20, Tetragonal Low Low
+.0Y204 Tetragonal Low Low

2.0 Y20, Cubic Verv Low Very Low

12 CeO- Monoclinic High Very High

9.0 MgO Monoclinic High High
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Froeure 30 Microstructures of 20 vol ' ZrO2aY 20 0 remntoreed -MoSia

MArN ompesites, showing imdentatuon crack morphologies,



Freure B Transoission electron nucrograph of 20 volc unstalalized
Z1O 00N 0O 10 NoS ) nuatnix compaosite,



Preare 30 Transmussion electron maeroeraph ot 20 vol's partiadhy
Litlized Z1O ¢ 250 YO 1-MoSiy matrix composite.



Firure on Transnussion electron nueroeraph of 20 vol < fully <tabilized
ZtO RN 200 NS matrre composite, Note stray SiC pan el



